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;'; NOMENCLATURE

I:_' C = radial clearance of damper annulus

; D = nominal damper annulus diameter = 2R ..........................

_ e = damper eccentricity

" Fx---X-co,,,ponent damper force

of

F = Y- component of damper force
, Y

: h -- damper annulus film thickness..distribution

L = damper length

p = damper film thickr_ess distributi.on

R = nominal damper annulus radius ...........................................................................................................

t = time

x = RO = damper annulus circumferential coordinate ..

X = X- direction radial motion coordinate

Y = Y- direction radial motion coordinate

z --- damper annulus axial coordin-'te

_ = damper lubricant viscosity

P. = frequency of vibration excitation

SPECIAL TERMINOLOGY

Infinitely Long Bearing Model - axial flow is neglected (_-._-j-_)

Infinit'ely Short Bearin(I Model - circumferential flow is neglected

(ix
Driver Code Any computer code w;,ich calls the squee-ze-film damper

force computation code

ii
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':_ Section 1

:_. SUMMARY

As a result of the first-year effo.r_t..onthis grant, a

general purpose squeeze-film damper interactive force element.

has been developed, coded and debugged. This software package

has been. applied in nonlinear dynamic analyses of some simple
r_

rotor systems ..............

The work completed under this first-year, grant is a sig-

nificant step-..J.nthe development of strategies and add-on

software packages which will be needed to apply available ad-

vanced nonlinear finite-element codes (such as ADINA) to general

engine dynamic simulation. Also, a detailed discussion is pro-

vided of the direction of effort for the next two years.
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Section 2
I'!

I' INTRODUCTION AND BACKGROtlN[)

"_ 2 l Engine System Dx_n_a_nLic_s-
i

_" Present day jet engine configurations have evolved pri-

hlarily through a trial-and-error process involving extensive

testing. There are many fundamental dynamic phenomena which

take place within these engines for which basic description

and understanding have yet to be generated. Na-_etheless, they

work well. Modern aircraft engines are typical of current

high-technology produ.cts.-.i_l.which the recently acquired comput-

inU c_pahilities of today are being used to better understand -

and inlprove what is already designed, built and operating.

A better understanding of the basic dynamic characteristics

,_I; existing and new engine configurations is a prerequisite for

!_roducing acceptable engine efficiencies on advance.d configura-

tions (i.e. smaller rotor/stator running clearances). Also, a

heifer definition of engine dynamic response would more than

likely provide valuable information leading to reduced mainten-

,ince ,_nd overhaul costs on existing configurations. Furthermore,

,ippl icalion of advanced engine dynanlic simulation methocts could I

i_oteulially provide a considerable cost reduction in the develop-

merit of new engine confiquratiuns by eliminating some of the

trial-and-error process done with engine hardware.

lh_, ,,,m(,ruence of advanced finite element codes, such as

NASlt_AN, N(1NSAP, MARC and ADINA, and related algorithmic advances,

h,_v(, pla<t,d c_mprehensive ell!line s.ystenl dyl]aHIit allalyses within

._..... :: ........ m-" _ -"-...... -: _,-,_.,i'-:__--:_-_.i"i----_ ................... " ...........................
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i.ii reasonable reach. What remains to be done is to develop new
i'i"

,: component element software .to..properly model engine rotor/

i:-.

. stator interactive components, such as squeeze.--film damper,

within the algorithmic logic of already proven finite element

i". codes. This is the major mission of t.his grant.
2.2 The Function of Squeeze-Film Dampers

For good reasons, aircraft engines use rolling element

bearings exclusively. This design philosophy has, until recent

years, .deprived engines of the beneficial_damping inherent in.-

many other types oF rotating machinery where fluid-film journal

bearings are used. The implementation of squeeze-film dampers

in recent engine-designs has now provided engine designers with

an effective means of vi.bration energy dissipation. The. net

result is that the newer engines with squeeze-film dampers are

less sensitive to residual rotor imbalance and better able to

control vibration and transmitted force levels resulting from

various excitation sources within the engine. !

2.3 C._urrent_.Iv- Available Analysis Procedures and Limitations

The field of rotor dynamics has evolved to its present

state primarily through the solution to problems in types of

machinery other than aircraft engines.. In most other types of

rotating machinery (e.g., steam turbines, •centrifugal pumps and
i

compressors, fans, generators, motors, etc.) the rotor can be

adequately modelled as an Euler or Timoshenko beam! lj In addition,

• the support structure hold.i..ngeach bearing can often b_ adequately

modelled as a separate mass-damping-stiffness path to ground

" "" ', " i ----, ........ i I i
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_.i. (i.e., to the inertial frame). Also, for most purposes, bear-
i

_:- ing lubricating film dynamic properties are characterized as

stiffness and damping elements, linearized for small vibration
P_

amplitudes about some static equilibrium state... It is this
...,

i level of sophistication that has been utilized for the most

part in rotor-dynamic analyses of aircraft engines (e.g.,

Hibner [2]).

Present day aircraft engines, are structurally_Zar more

colnplex than most other types of rotating machinery. The multi-

shaft configuration, plus the fact tha.t the shafts are thin-

rotating shells, not simple beams, create.s unique but signifi-

cant complicating differences between aircraft engines and other

machinery. Also, the stator st-r-uctural support at each rotor

bearing represents anything but a separate mass-damper-stiffn_._ss

path to an inertial frame. In fa-c-t,setting the inertial frame

for the engine is not a simple matter when the full range of

in-service maneuver.s--_s realized. Dynamic paths between differ-

ent bearings exist not only through the rotor but through several

other paths within the non-rotating engine structure, i.e., a

"multi-level multi-branch" system. As many as eight significant

"levels" hE_ve been identified.

The feasibility of nonlinear dynamic analyses of multi-

bearing flexible rotors has been recently demonstrated on non-

aircraft applications (see Adams [3]). There are highly non-

linear dynamic effects in aircraft engines, particularly under

]ar qe excitatiowl forces-, such as blade o_ disk failures, h-_rd

landings and foreign matter ingestion events.

• .-.....- :. :".'-_-L.- " :_'_._.....i:"_,T""i _ ......... , , , ,
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•Clearly, the field of aircraft engine dynamics is presently

_', in a position where there is both a need for substantial ad-

i._.' vances and feasible means available • by which such advances can

" be accomplished_

_.

I/I 2.4 The Need for Time-Transient N li,_2ear_._Dyna.q}_ic..A.nalysesi In recept years it has become evident that an important
)

i class of engine dynamic phenomena can not be s_,udied without

accounting for the highly nonlinear forces p_'oduced at bear.ings, .]

labyrinths and other close-running rotor/sta-tor clearances under

large amplitude vibrations. In such cases, linear theory typic ....

ally predicts vibration amplitudes large_' tha.F,the actual run-

ning clearances. Furthermore, importaat vibratory phenomeua,

such as subharmonic resonance and motion limit cycles, .are

"filtered" out of the 4_-"ob'lemwith a linear model, giving grossly

erroneous predictions., qualitatively as well as quantitatively.

With few exceptions, nonlinear dynamic problems must be

solved numerically as time-transient responses, whether the

sought "answer-" is a steady state periodic motion or is strictly

a transient phenomenon. The problem is mathematically categor-

ized as an initial value problem in which the displacements and

velocities of-.the complete system must all be specified at the

beginning of the transient. From that point forward in time,

the equations of motion are numerically integrated (known • as

"marching") as far in time as one wishes to study the system

motions and forces. If the system is dynamically stable, the

transient motion dies out yielding the steady state response
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i_ which in a system with a periodic force excitation will be a

I periodic motion. In a stable system with no time-varying force

W.__..................excitation, the transient will die out as the system comes to

rest at one of its stable static equilibrium positions. If

i! the system is unstable, the transient does not die out but con-

.b

tinues to grow 4n time unless or until some nonlinear mechan-i-sm

in the system limits the motion to what is frequently called a

i: "1 ireit cycle".

In order to study the general dynamical characteristics of

aircraft engines, nonlinear dynamic computational schemes are

required. The approach taken in this• grant is to.develop soft ....

ware packages to model engine components which __re not typically

found on dynamical structures and therefore are not already

built into existing nonlinear finite-element structural dynamics

computer codes. This first-year effort has concentrated on

developing such a software package for squeeze-film bearing

dampers.

2.5 First-Year Effort, Development of Damper Element

The main objective of the first.year effort was_to_develop

a squeeze-film damper element (i.e., software package) suitable

for implant into a general purpose nonli_near finite-element

computer code. This objective has been met in full. Furthermore,

workable strategies have already been develeped to implant this

damper element. Also, the damper element has been extensively

tested on simple rotor/stator configurations under a wide variety

i
of dynamic loading conditions. These results are presented in

subsequent sections of this report.
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:' Section 3

:_", BEARING DAMPER ELEMENT
)!

i Jo
I'

:_. 1 Introduction

'i: The bearing damper finite element code is essentially an

interactive element to represent squeeze fil,n .dampers. That I
is, its purpose is to bridge the "gap" between structural elke ........................

i ments which are separated in the-actual engine by a SCLueeze
film damper. In its simplest version, it has an input/output

setup as shown in-F-igure I. As the bearing-damper element i.s I
exLended to encompass more types of rotor/stator interactive

forces (e.g., rubs, impacts, etc.) the input/output list will

expand.

A source listing of the bearing damper element code de-

veloped during the f_Fst-year is given in Appendix A of this

report.

:{._.;Goye_rD_!_Z____.__E&ua.tions_

The rotor/stator interactive force generated in a bearing

squeeze film damper is modeled using an adaptation of the class--

ical Reynolds lubrication equation For incompressible laminar

isoviscous films.

;,_;Ix (h" i_._ ',) h _ _1) ,_ d h (I )i{--ax" + ;J-_](_-"_z-) : 6 _5--_(hU)+ 12 d-t

z : axial coordinate

x -- circumferential coordinate = ro

h = local film thickness

dh
dt = instantaneous local rate of change in h

• , .... . .- . .... : _ ___'",, ..... . ..... ........ ._ .,, . ...... ........... , , i i i i i i II
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. U = sliding velocity = R,.,_,typically zero in a damper

k!, C = radial clearance of damper annulu_

) The relationship betwee.D-.system inertial .coordinates and damper

;' parameters comes through the expression, for h _h/ax and dh/dt.

: Referring to Figure 2, these relationships are summarized as. fo I1ows :
t

i e = (XR" XS)_ + (YR" YS)] (2)

• • • A • • A

= (XR" Xs)i + (YR" YS)j (3)

then
A

h-= C-_.n 0 = C - (XR-X S) cos 0 (YR" YS) sin 0 (4)...

',_h 1 _h 1
_x : R _-6 : R [(XR'Xs) s-i_0- (YIR-Ys) cos e ]_ (5)

and

dhdt.... (XR is) cos 0- (YR'Y's) sine (6)

_].3 Ty_pical Confi__rations and Boundary Condi-tions (see Figure_s_3,4,5)

Some engine manufacturers do not use centering springs in gen-

eral on either military or commercial application because of fatigue.

This can require using a tighter clearance and thus requires a

tighter control on oimensional tolerances on annulus diameters.

'_-P-...._ i.e. axial pressure drop within annulusIn both cases-_z_-ax ,

is much _maller than circumferential pressure drop. This re-

duces the governing equation (I) to,

h _ dp dh
d....( ....d-_) : 12 _- (7)dx _ dt

the "infinitely long" bearing equation for zero rotation (U = 0).
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_ Ot. her less frequently used configurations do not employiL

,,, (,nd seals, in which case the "short bearing" approxima-tion ori

iLs equivalent is used. in this case, the local.axial end flow

_,_:,. is considered to far outweigh the circumferential flow leading

i the "short bearing" approximation.. d h 3 d p dh
i d z (1_i dz ) = 12 d t- (8)

Actually, an improved adaptation of the short-bearing approach

is ohtained by implementing the parabolic assumption of

O'Donoghue [9]. That is, the following approximation is made,

p(!,,z) -- p(0,O)(l --4-z_) (9)
L _

which assumes an axially symmetric axial pressure distribution

at, every circumferential location. This then gives the follow-

ing pressure field equation.

_, ',fx (h:' ) : _,2 + 8 ----_-- (I0)
:_x d{ L

l his is actually a first-order Fourier approximation us.ing

th_ l,arabola as the single approximative function.

A convergent approximation to the .'t,.11 two-dimensional

Reynolds equation can be obtained, as an ext-emsion of the

Foregoing approach by O'Donoghue [9]. The number of Fourier

terms is increased to N, resulting in N simultaneous ordinary

,.li flu:rent ial equations.

nZ 3_iZ + ... jr_(_ -) p (if,o) cos-L + p (o,0) cos C
!

(2n- I),, z
* pN(,i,O) cos ---11.... (ll)
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.. Substitution into the general 2-D Reynolds equation (I), expan-

" sion of the right hand side (RHS) by the same series,.....fz_llowed

_L__; by I.HR:RHS segrecjation by the arguments under cosine yields N i

.. (_rdinary differential, equations, one for each pi(O,O). ,]
K,

Ii_,, 3.4 Method of Solution

ii" Whether the long-bearing f_o_rmulation(7)or the other two
i;

Formulations described by (lO) an_l (11) are used, the following

i solution method is employed. It is described b.a.l_w __s _m.nle-

merited for the long-bearing formulation.

Based on 3-point central difference,

_ = dhh _ d/_ + 3h2 dh dp 12_
dx2 dx dx dt

Pi+l " Pi-l
(_x"). = 2Ax

1

Pi+l " 2Pi + Pi-l

i Axa

P - 2P + P dhi P - P. dhi

hi3 i+l ___Ax2i i-l) + 3h_ dT ( i+12Ax ',-I)= 12p _ (12)

R_arranging

3h_ dhi 2h_ h'
Pi+l[h_ + ],P [ --;],P'_. ["i dhi dhI2 2Ax dx i i 1 2 2ax dx ]: 1_d--t--

Dj Cj Ej Rj

Recurrsion relationship,

CjPj + EjPj. 1 + DjPj+ 1 = Rj, form of difference equation
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,,.; [:nil_loy the form, ik.. _ ............... "

i>..

_ P, : A,P + g,!. i-I ,I J j

T h I___II,

. . + E (Aj + Bj) + DjP : R.CjP,I ,i Pj j+l j
4

." j

,_i O r

Pj(Cj _ EjAj) + EjBj + DjPj+ l : Rj

Then,

"°' EL.'.5_ _i
Pj = ( ........ J........) Pj + ......

• Cj + EjAj +I Cj + EjAj

D ,

j+l C +E A.
J J J

(13)

I_,i+l Cj + EjAj

l-tom upstream boundary condition the (A} and {B} vectors are

d_'ternlinedby starting with A = O, B = P (called forward
2 P I

sweat:p).

The downstream boundary condition is inserted at the

beginninL] of the backward sweep, i.e.

PM-I = AMPM _ RM

PM-2 :: AM-IPM-I + BM-I

P + BP," A3 3 3

I ilm rupture is handled by the following substitution. If

P. I' , set P :: P before computing pj This is,I vap(_r j vapor - ] '



!4

i_!_

,ii. equivalent to the condition _ : 0 at the film-rupture full-:_ ax

i_. film boundary. In the case of the 2-D convergent approach
;.,,q

, indicated by eqn. (ll), this point-by-point test is ma.de on
N

_,'c the local summation P(oj,z) = k=l}:Pk(flj'z)'

Ii/ The methcxd of solution, not is
although closed-form, non-

iterative. While it does entail a .one-dimensional finite-

difference scheme, it requires only a very small amou.nt of CPU

time and is therefore iaeally suited to time transient__rotor _
J

dynamics analyses. It has major advantages over the purely I

closed-form approximations, e.g,, [10,11]. These major advantages

are immediate account of _pecified-pressure boundary conditions 1.i
J

at feed and drain holes of a..damper. Also, the finite differ- i

ence approach easily permits account of static as we.1.1.-asdynam-

ic deflections which alter the oil film gap geometry from ideal

rigid circular shapes.

5.5 Force and Force Gradients

Forces Components on ROtor:

g
: 2

Fx - /A p cos edA = -L.E.Jo.p(O ) cos Odg
(14)

0
2

Fy = - /Ap sin OdA = - LR /e p(O) sin Ode
!

Stator Force Components:

I !

Fx = - Fy , Fy = - Fy (15)

Force Gradients:

aFi

:_Fi ; [Klj]2x2 = " a_X-j
[Cij]2x2 - aXj

(Ib)
_)Fi AF i aFi AF i
.....*-...._ -_ ; ax AX_.

j J
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Numerical differentiation is performed with small AXj

_, and AX increments about instantaneous conditions.
?" j

b.}:, This provides continuous updating of
iLL,

_: IFj}, [Cij] and [Kij]. See Appendix A for the computer

_:.;_ code source listing of the completed squeeze-film element

I.
Section.-4

i APPLICATION OF DAMPER ELEMENT !

4.1 I n t rod U_c_t_.i_o_n

For purposes of checking out the dampe;' element code and

to demonstrate its use, two types of computations we.re made

and the results presented herein. First, a parametric study

of damper pressure distributions was made for a variety of

specified circular orbits, for both long-bearing and short

bearing solutions. Second, a four-degree-of-freedom rotor-

d_mper-sl.ator model was investigated under conditions of small

rotor unbalance through large rotor unbalance. These resu-l-t-s--_..............................................

are reported in the following sections.

,i.? Pressure I_is__tri_but_io_n.sfo_rS_2ecified Circular Orbi.ts

For this series of computations the following damper annulus

parameters were used.

Diameter, D = 6 in.

Length, L = 1.25 in.

Radial clearance, C = O.OlO in.

Lubricant viscosity, Ii = I x IO "6 reyns

Anqle between inlet oil port and drain port, (0i -0 o) :_ 180 °
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In.let oil port p.ressure, Pi = 55 psia

_ Drain port pressure, Po 15 psia

_. Lubricant vapor pressure, Pv l 5 psia
_1_.
•_ Orbit angular velocity, _ = 3600 cpm (376.99 rad/sec)

The above damper parameters are typical for mQdern gas turbine

i aircraft engines. A #arametric study was
made postulating the

outer ring of the damper fixed and the. inner ring having a

constant-radius constant-velocity concentric orbit. Eccen-

tricity ratios (i.e., orbit radius/razLial clearance) from 0.05

tJ 0.95 were computed, both for the long-bearing and,short-

bearing solutions (both are presently incorporated in the

damper-element computer code).

Circumferential center-line_.pressures were plotted as a

function of circumferential position and time,• for one period

of prescribed motion. The results for the long-bearing solution

are shown in Figure 6, and Figure 7 for the short-bearing solu-

tion. The difference between long-bearing and short-bearing

solutions is quite large, particular.ly as motion amplitudes get

smaller. The long-bearing solution provides a considerably

stronger damper, thus the common preference of des-igners to use

end-sealed dampers.

4.3 Non]io_ear. Dynamic Response of SimI_le Rotor Systems

A simple "driver" code was written (see Appendix B for list-

ing) which uses the damper-element code in the same manner as a

general application with large finite-element codes• The

"driver" code is based on a four (4) degree-of-freedom system
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• i.e., planar motion of the inner and outer damper elements .....

_' This then simulates a single-m_z.s_s rotor connected to a s._.ngle-

!:!_ mass stator via the damper element. The s.ystem analyzed is

" shown in Figure 8. The model is coded to simulate arbitrary
|4.

tottering and/or static radial loads. Aside from demonstration

lI Ii purposes, this four (4) degree-of-freedom model has been devised

_ to check aga-inst the same type of system when..executed.with the

i damper element implanted into the general purpose nonlinear

finite-element code ADINA, which the University of Akron has .....

purchased as its contribution to this grant.

Note from Figure 8 that the high pressure port (i.e.,

feed port) is located on the bottom of the damper so as to

assist "lift-off". Since centering springs are not typically

used, they have been excluded in this example. Lift-off I

therefore requires some amount of vibration to c_vercome the I
!'

de_d weight load. Rotating unbalancc loads of lO0, 200, 300, !

500 and I000 Ibs were run with _ = 150 rad/sec. Orbital plots !

were made showing rotor and stator total motion on one plot and

rotor-relative-to-stator motion on a second plot. The plotted

results are shown in Figure 9 through 13.

For a lO0 lb rotating load (Figure 9) the motions showm are

for a 20 cycle transient from time = O. The rotor and stator

each show close to the same motion, and their relative motion

is small, with the rotor barely "lifting off". The relative

orbit is essentially oscillatory. However, when the rotating

load is incre_sed to 200 Ibs, (Figure lO), the relative orbital

.... , i i I I I I II I I i
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,._. motion shows the beginnings of orbital motion, i.e., a "cresent

_,.. moon"-shape as measured by numerous investiqators Further

b,, increase in magnitude of the rotating load to 300 Ibs (Figure ll)
f..

i_ shows a well defined steady-state total motion as well a_ rela-

I-_:- rive motion. Note that with a 300 Ibs rotatino load, the rela-tive (.rotor-to-stator) orbit is still small.,in comparisur_ to the
i
_. radial damper clearance and confined to the region of the bottom

of the damper. However,___a_increase of rotating_load magnitude

to 500 Ibs causes a considerable change to the relative orbit ......

(Figure 12). Notice now that the relative motion of the roto_ .........

with respect to the stator fills a major portion of the clear-

ance circle. Fu__ber increase of rotating load magnitude to

lO00 Ibs (Figure 13) simply causes the steady-state re-lative

orbit to expand and fill even more of the damper clearance

circle. 1

Section 5

FINITE ELEMEN.T IMPLANT STRATEGY

The previous sections gave a thorough discussion of Lhe

development of the interactive squeeze film bearing element.

This section will outline ongoing efforts aimed at incorporat-

ing these elements into the finite element procedure. In this

context, the discussion will be.organized into several main

parts, namely:

i) Choice of FE code used for initial implantation;

ii) Overall solution strategy; and,

iii) Solution algorithms employed.
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i!; I_.efore discussing tile choice of FE code adopted, it is

_"_'ii-: worthwhile to briefly overview various oF the salient.features

_.: ,_ssociated with rotor-bearing-stator modelling. To organize

our thoughts, we consider them in two main phases, namely:

i) Normal operating conditions; and,

ii) Abnormal operating conditions.

For normal situations, since the clearance, betwo.en...the blade
J

and shroud and the v,a.riou.s engine seals are quite snla.1.1,_the !

overall kinematic description can be cha-r-acterized by small

strains superposed on an initially small field [4]. Because

of this, except for local zones, the overa.l..l structural mater-

ial characterization can be considered essentially Hookean in

nature. In this context, the structural modelling of the engine

can be considered essentially linear in nature. Regardless of

lhis though, as h._s been seen from the discussion in the pre-

vious sect:ions, even small unbalance loads can initiate highly

nonlinear interactive forces in the squeeze film bearings. _

Because of such nonlinearity,.u_Ider normal operating cond.itions

t. he rotor-bearing-stator system, can be modelled as a partitioned

system wherein the structural components are linear while the

bearings are nonlinear.

For abnormal operating conditions, the rotor excursions

are o, the order of lhe various blade and seal clearances. In

this context, due to the relative smallness of such clearances,

the deform,_tion process can be characterized by at most small
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:); strain moderate rotations superposed on small Inttl.al fields
!;

'. [12] Since such kinematic excursions are still deemed small,
W'I"

_:. except foy local events. , the global structural material-.be-

_ havior can still be considered Hookean.. Because of this, the

L structural modelling of the engine can be assumed kinematically

' fatal event both• kinematic and

nonlinear. Obviously, du.ring a

!
massive material nnnlln#arlty are evidenced during structural

[ coll pe.
In the context of the foregoing, it is of utmost importance

that the FE test cod_ chosen, have adequate nonlinear element

substructural capabilities to allow for theproper partitioning

into linear and nonlinear element groups. This obviously

enables more efficient running characteristics. Together with

the partitioning capabilities, the code should also have an

efficient updating architecture. As this feature is typically

the heart of any nonlinear solution strategy, it is an abso-

lutely essential characteristic. In addition to the foregoing

features, the code chosen to test the bearing element should have

[5]:

i) Accessible program architecture;

ii) Efficient running characteristics; 3nd,

iii) Flexible algorithmic options.

* blade impacts, creep/fracture of blades
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_.. Since many general purpose codes such as NASTRAN, STRUDL,
!.

h

i'll: IESAP, etc. are essentially linear with grafted nonlinear capa-

_: bilil.ies they tend to have a less efficient/flexible program

k- _'cl-|itecture. Because of this, out" attention must turn to codes

iii,. ,,,a_ h _,s ADINA, ANSYS, MARC, etc. Since ANSYS and MARC have• _,c_mewhat inaccessible program architecture, the ADINA program
b

was chosen to check out the "bearing element implant". This

follows since ADINA has the requisite combinatiQns of capabil-

ities, namely [6].

i) Nonlinear element partitioning feature;

it) Efficient updating architecture;

iii) Fiexible algorithmic options;

iv) Accessible program architecture; and,

v) Ffficient running characteristics.

!..?. Overall ........Solution Stratei_,Z

The i_itidl approach taken has been to implant the bmaring

e l(,ment directly into the ADINA architecture so that direct

1,_merical time integration algorithms can be employed to generate

the transient rotor stator solution. To simplify the discussion,

the presentation will-be organized int.o sever..a].,main areas,

tldlil_'ly:

i) Element architecture;

it) Overall FE code architecture; and,

iii) Solution methology

• ' _I_L_LL....I" .-r i ....... i m



The overall architecture of the bearing element is being

_. structured to have several main options, namely:
Wi.

i) Initial I/O;

_.. ii) Interactive I/O;

i_ii II_) Generalized stlffness and damping connectlvity; and,
iv) Generalized element library.

The initial I/O options i.nvolve a one-.time inpu_ of various pre- _

selected parameters _ncluding such categories, as:

i).Geometric configuration;

ii) Material properties;

iii) Element selection; and,

iv) Required element connectivities.

Each of these categories are in turn broken down into several

different items, for instance:

I. Geometric Configuration

i) Inner and outer damper radii

i
ii) Bearing length _

i

iii) Orientation of oil feed grooves I
I

iv) Structural clearances i

v) Placement of roller bearings

2. Material Properties

i) Oil properties

ii) Temperature dependence

iii) Roller bearihg force, deflection characteristics

k _ _ __; :_ " ' ' ........ , " ," ", "_ _-_: _ - _-".............. -_= , ' " .... ,,
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'_"--• 3, Element Selection

!ii-. i) Short bearin_

,.F' ii) Infinite bearing
I ,,

!", iii) Roller bearing characterization ......................................................................................................

'_'. iv) Rub/impact

'i" 4. Required Element ConnectivitiesSeveral of the foregoing, parameters., are being coded.to be

i. interactively....redefined depending on the nature a.nd level of

excitation for example, temperature arid structural clearances

fall into this category. Additionally, such field v-ar.ia.blesas

film forces as well as t.he.-...instantaneoustangent stiffness...and

damping matrices are being coded so as to be interactively re-

defined. Such parameters are up dated depending on the nature

of the interactively calculated.position and velocity histories.

In this context, the various interactive..field.-.quantities now ...................

beinq coded into the bearing implant associated with the ADINA

code consist of:

I. Velocity differential developed across the squeeze film;

2. Positional differential developed across the squeeze film;

3. Itlteractive force field developed;

4. Tangent stiffness matrix developed by suqeeze film; _

5. Tang_it damping matrix developed by squeeze film; and,

6. Tangent stiffness of roller bearing.

To gener,._lize the capability of the "bearing implant",

the initial and interactive I/O modes of data transfer are

being developed so as to admit fairly extensive structural con-
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_/ figurations. This includes the possibility of accessing the
h
h'

_'_ entire array of structural elements inherent to ADINA together

, with the various constitutive models including

!
1. Hookean

i 2. Plasticity

3. Temperature dependent properties

I '. 4. Mooney Rivilin [3. ], etc.._ ,

The overall architecture of the bearing implant is defined in

Figures 14 and 15.. As can be seen in Figure 14, the. bearing !

implant is being imbedded in a buffer routine which will serve

primarily as a link between the va.r..iousdata transfer modes of

ADINA, namely:

i) Common blocking (dynamic form); ....

ii) Subroutine parameter lists;

iii) Disk I/O.

The buffer routine will also serve to....convertthe interactive

information into the appropriate partitioned form for assembly

into the ma..i-n.streamof data flow -i-_Izerentto ADINA. Namely_

the tangent stiffness and damping matrices together with the

interactive forces will. be assembled into the proper locations

in their global counterparts. This is currently being programmed

into both the in core and out of core storage mode options i-n-

herent to ADINA.

Additionally, the buffer routine will be programmed to con-

tain a degree of adaptive updating which will enable a more

accurate calculation of the tangent stiffness and damping matrices.



Specifically, since the stiffne._s and damping matrices are calcu-

lated by admitting a perturbation in the position and velocity

Ii_ fields o-r' a given ._tate, care must be taken to insu_e that the

,L_ pert.urbation is.neither too small nor too large. In the case
_:.

ii". that the perturbation is too large then the stiffness calculatedwill act more like a secant stiffness _nd hence be inaccura.t.e..

,: If too small, then roundoff error may be introduced into the

I calculations. To circumvent this difficulty, the cur-m-ent and
i

past fields are compared. If the percentage changes are deemed

too large/small, then the levels of perturbation introduced

can be either contracted or expanded t-o insure proper evalua-

tion of the tangent matrices.

While the structure of the buffer will be somewhat depend-

ent on the ADINA architecture [7] the main core of the beam implant

will be more or less code independent. The actual flow of data

into the core of the ilnplant is achieved by subroutine argument

lists. Figure 15 defines the overall flow of control within

the core program of the bearing implant. The architecture of

the core program is being made flexible enough to admit new

options as they become available.

Based on the foregoing bearing el.ement implant, the

architecture of the overall FE code is defined in Figure 16.

A_ _:an be seen, the overall flow of control is broken into

several major steps, nameJy:

I. Initial I/O, including:

i) Structural information

ii) Bearing information
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ix,

iii) Boundary conditions

i!i iv) Applied load

v) Element connectivities

_ 2, Structural element generation,_.inc.luding:

ii_ i) Linear elements
!i ii) Partitioned assembly of linear elements

iii) Nonlinear stiffness ..update.loop with partitioned

assembly of nonlinear structural elements

3. Bearing element genera.tion, including:

i.) Tangent st_..ffnessand damping matrix generation

ii) Development of right-hand side loads

iii) Partitioned assembly

4. External load generation

5. Integration algorithm,...inc]ud_ng:

i) "Stiffness" inversion ......

ii) Implicit integration

a) N_wma.rk

b) Wilson

iii) Explicit integration

a) Central difference

6. Convergence checks

i) Norm test of out of balance loads and nodal displace-

ments

ii) Higher order checks

7. Clearance checks
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_. I_. Adaptive Strategies, including 117):

i) Structural stiffness updating

ii) Bearing stiffness updating

iii) Choice of perturbation size

iv) Choice of integration algorithm

vi) Preferential partitioned, u._dating, etc._.

i A simplified view of the actual flow of control.--isgiven

in Figure 1_7. This figure inctudes-b.o_he linear and nonlinear

structural loops. Currently such modifications are being in-

serted i,to the ADINA architecture.

5.3 _So-l ut..!9_n__Al._.9r- i__t_th_m_s_

As noted earlier, having developed the '"bearing element."',

the current thrust is to implant the element into ADINA wherein

direct numerical integration will be employed to generate the

transient so}ution. In this context, several types of integra-

tion operators are being incorporated into the coding. In

particular various version_ of the following operators are

being considered_

l Newmark [9]

2 W_Ison [I0]

3 Houbol t [ii]

4 Central difference [II]

5 llughes [12]

6 Felippa, Park, etc, [13]
'L
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.... Section 6

_, DISCLISSION DIRECTIONS OF FUTURE WORK
t

In view of the modelling deficiencies noted-earlier, a

_.: more direct way of handling the structural aspects, of the rotor-
L;

i!I bearing-support (RBS)system is necessary if a proper_transient/
steady state, model is to be developed for jet eagines. In this

_: direction it appears that the finite-.element (FE) method is the

i requisite modelling approach for such problems. This f_llows......

from the fact that.-its inherent capabilities include the follow-

ing features:

i) The FE procedure has the capability to handle multi-branch/

level structure in a more direct and efficient manner than i

flexibility approaches;

ii) The approach is well suited--to handle nonlinearities due-.to:

a) kinematic and kinetics associated with the structure

[14];

b) various types of boundary and constraint conditions

[14], and;

c) material characterization [14,15].

iii) A body of established and-proven algorithms which can handle

various types of nonlinearities has evolved; this includes

both the capability to handle static [14,.15] as well as

transient situations [14,16];

iv) Modelling of overall RBS systems more direct as extensive

element libraries are currently available; this includes

beam, plate, shell, 2-D, as well as 3-D elements [15];
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v) AIciorithmic adaptability.

C,.

_,. Currently available general purpose codes such as NASTRAN,
IL

__.,. MARC, ANSYS, ARGUS, ADINA, ASKAII, NEPSAP,_._.EESAP, SAPVl all have

_ most of the foregoing items implemented as user features [17],

ii _. Although these codes pos-_ess the required degree of generality' to model the structural aspects of jet engine rotor-.stator
I

,_ structure, what is currently lacking are interactive "bearing_

type elements" and the overall algorithmic strategies to handle

conservative/nonconservative interactive type forces. In turbin_

erlgirle, such fields are generated in the squeeze film dampers

and labyrinth seals and during rub-im_Dact events.

In addition to the foregoing modelling difficulties, there

is also a need to better quantify the effects of such factors as:

i) Rotor/statnr static de-centering forces generated v-ta,: i

a) manufacturing tolerances

b) thermal warps

c) high "g" forces

d) in service damage and wear,

ii) Degree of structural nonlinearity encountered,

iii) In service dynamic phenomena (rubs, impacts,.-_e.tc,).

(_.l .C.oi1!p_a_t__!bil_it_With Proven Finite Element Codes

As noted earlier, while currently available FE codes possess

the requisite generality to handle the structural aspects of RBS

system modelling, no provisions are currently available to model

the conservative/nonconservative effects of squeeze fil_w]damp-
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_! ers, seals, rubs, impacts, etc. In v.iew of this, future efforts

w will be given to developing a variety of special purpose
,!_

!_i, "bearing elements" which can model..such rotor/stator interactive

_ force fields. These "elements" w.tll--b.e developed so as to be

, both algorithmically as well as architecturally compatible with• proven FE codes. In this direction, it appears that codes such
p
' as ADINA would be the mos,t likely software condidates about•

!,
which such a development should be configured. This follows from

the twofold fact that such codes have the following:

i) Extensive and well proven dynamic/element capacity,

ii) An architecture developed to allow the_user to modify the

overall algorithmic flow of a given solution loop.

6.2 Preliminary Engine Dynamics Analyses

The computational schemes ultimately implemented to track

engine dynamic response will have to function properly over a

wide spectrum of motion frequency-and a wide range of nonlinear-

ities. The development of computationally :eliable interactive

elements, such as the bearing/damper element, will therefore

require a simplified engine dynamics analysis, using available

rotor-dynamics computer codes, to realistically assess potential

computational difficulties. For example, specifying the outer

envelope or limits of the bearing/damper element must be pre-

dicated on a correct understanding of relative rigidities and I
I

dynamic participation of individual components in and around the I

bearing. These analyses include the following: (i) linear un-

Ibalance forced response, (ii) linear nonsynchronous forced

• •:_i_i:-..." .._.i"LiL:'._" ....._",," "" ,. ,,, ,_" .... ,
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,,,

_, response, (iii) linear self-excited instability analysis, and

_: (iv) simplified time-translent nonlinear analysis,
f,

:_' 6.3 Interactive Elements for Lab.vrinth Seals

,_- The typical jet engine configuration contains seve.ral laby-

_,,: rinth seals. The flow field within these seals result_ from the

!, combined effects of rotation and pressure-gradient induced axial

• through flow. Depending upon the--design parameters of a laby-

i rinth seal, either a_entering or decen.tering static radial

force can be produced o.n the rotor. Likewise_ the mechanical

impedence (stiffness, damping and virtual mass) between rotor

and stator at the labyrinth seal is a strong function of design

details. Carefully conducted experiments by Wr.ight [18] ha.re

recently _hown that the labyrinth aerodynamic forces can be

either stabilizing (positive damping) or destabilizing (negative

damping) dependinq upon the direction of entering flow pre-swirl

and the direction of rotor whirl.

The full importance of labyrinth seals to total engine

dynamic analyses is therefore not confined only to the potential

for rotor/stator rubs and impacts under high vibration levels ..........

A realistic simulation of engine dynamic phenomena, linear as

well as nonlinear, must therefore include-a comprehensive mathe-

matical model for the labyrinth seals which are located through-

out the engine. The development and implementation of a laby-

rinth-seal interactive element is therefore important future work.
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. 6.4 Rotor-Stator Rub/!mpact Elements

_. While_significant efforts have been given to developing
F!,

_,. codes which can handle the impact behavior of compressor blades,

no work is currently available on modelling rotor-stator ru_-

_ impact events. Due to the-structural flexibility and close tol-

iiI' erances inherent to gas tur.bine engines, such phenomena must
undoubtably play.an important role in defining the t_ansi.ent/

i_ steady state be_lavior during moderate and large excursion situa-

tions, Because of this, in addition to developing "bearing

elements" some attention must be given to FE modelling t_e rotor-

stator rub-impact events occurring in the labyrinth seals, and

blade-case zone. Such "rub-impact elements" will have to be

capable of:

i) Tracking the appropriate rotor-stator clearances

ii) Model impact-detachment mechanisms

iii) Model traction and kinematic constraints generated during

rubbing

iv) Properly model energy losses occurring during such events

6.5 Rotor/Stator Static Radial Offsets Loads

The stiffness and damping characteristics of fluid fi_m

bearings are highly dependent upon their static--centering or

de-centering loads. Clearly, the squeeze-film dynamic forces

will change considerably as static radial load is applied at

the bearing since a shift of equilibrium eccentricity position

will occur. Prominent sources of static radial offset loads

result from each of the following:
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._ i) Manufacturing and assel_lbly tolerances

!._ ii) Thermal distortionsrl

iii) High g-force

: iv) In-service damage and.wear

[("

v) Aerodynamic forces

i"' An evaluation of these static radial offset loads is in

I-, itself a major effort. However, a realistic computer-simulation

i of various engine dynamic phenomena can not be accomplished

without a successful effort to determine the static inter-

active forces between rotors and stator.

6.6 Structural Nonlinearities__r_

In addition to modelling nonlinearities induced by the

rotor/stator interactive force fields, purely structural effects

may also be encountered. Such structural nonlinearities fall

into two main categories:

i) Kinematic and kinetic (geometric) [14]

ii) Material characterization; plasticity, viscoplasticity

The kinematic-kinetic characterization itself falls into

three main categories, namely small deflections, small strains-

large rotations and moderate/large strains. Apart from highly

localized events such as impact-rub zones, the most prevalent

geometric modes will most probably be typified by small• de-

flection or at most small strain-moderate rotation character-

izations.

For localized rotor/stator rub-impact zon._, in addition

to interactive traction fields and surface machining, potential
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plastic flow and moderate straining may occur. Beyond inducing
IL

_:_ outright failure, such localized fields may have a significant
_C

? enough effect on the geometric configuration as to cause engine

_i. imbalance.
t

' Because of the foregoing, the potential existence -of kine-
_ matic-kinetic and constitutive nonlinearity must be accommodated

i in the overall model., Since the effects of such nonlinearity

are fairly well locali_zed, a partitioned linear/nonlinear approach

should be employed for the finite element model.

6.7 bynamic Loads

Emergency modes of operation, such as occur with blade J

failure, hard landings and foreign matter ingestion events, i

will require a comprehensive investigation to identify and model

the resulting dynamic input loads to the engine system. Some

worthwhile information could be obtained from a.comprehensive

engine dynamics simulation, even with postulated high amplitude

dynamic input loads, such as the relative endurance of two dif-

ferent engine configurations. However, real-event simulation

wil-I require an accurate prior appraisal of dynamic load inputs

to the engine system which result from identifiable emergency

operating modes. The effort required to determine reliable
!"

estimates of dynamic input force time or frequency, signature

could be s.ubstantial.

As noted earlier, the engine structure must survive a

rather severe operating environment. In addition to extreme I

thermal and aerodynamic loads, the RBS system may be subject to:

..... _ _ i i ii i i I I I I
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_"" i) Transient and steady state inbalance loads

ii) Rotor-stator rub-impacts

_L, iii) Rotor-stator decentering force_,

Such events are generally caused by a combination of the follow-

I , ing broad categories of factors:

Ii i) Blade erosion
i

'- ii) Blade-disk-seal failure

! iii) Thermal warps of rotor-stator structure due to ratchet-

ing and creep

iv) Misalignments due to manufacturing tolerances

v) High "g" loads due to maneuvering

In view of the foregoing, future analytical, modelling of

RBS systems inherent to engines must employ proven computa-

tional schemes which possess the capability to handle as wide i

a cross-section of the loading environment as possible. As the i

time history of such loading events covers a wide range of time

scale, the overall approach must also possess a high degree of

algorithmic adaptability so as to accommodate both explicit and.-

implicit integration schemes [16]. This is of potential import-

ance since such schemes have been found to have varying degrees

of success over various time scales [16].

6.8 Simulation of In-Service Dynamic Phenomena

The direction of future work outlined here _ill represent

a major advancement in the state-of-the-art of engine system

dynamic analysis. Proper account of structural complexities,

various rotor/stator interactive forces (static a.nddynamic),
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important nonlinearities, aerodynamic forces and well defined

I_ dynamic load inputs wlll provide a greatly expanded scope in
L_ -

;,' the types of engine dynamics phenomena that could be studied.

,_ Engine configuration improvement studies which are im_actical

to accomplish through testing can then be pursued throughb

r

P Also, a better understanding of the d_.nBmic behavior ofb,

existing engine configurations can provide valuable i-_formation
b_

leading to major reduction in e.ngine maintenance and overhaul

costs. Engine dynamic behavior is becoming progressively more i

tmportar,t as efficiency improvement consideratio,ns push rotor/

stator running clearances progressively smal.ler. A .realistic

evaluation of potential...engine reliability degr@.dation result-

ing from smaller rotor/stator rurto_ingclearances demands the.

high level of dynamic system simulation described here.

Section 7

CONCLUSIONS

General engine dynamic analyses which properly account for

rotor-to-stator and rotor-to-rotor interactive forces can be

approached through the use of available _eneral_purpose nonlinear

finite-element computer codes.. Interactive forces originatlng_

at bearing squeeze-film dampers and rub-impact events are, how-.

ever, not available with general purpose codes at this time. The

work described herein shows, the viability of using general purpose

finlte-element codes for engine dynamic analysis. Also, the four-

degree-of-freedom example model demonstrates the use of the
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, squeeze-film damper code developed in this work, Results with

_?. this demon_tratian model are consistent with the resu._t.s..o.f other

_' investigators of nontinear squeeze-film damper dynamics

I-
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I I.I ST UIILI IY

_,: SUP..kOU_IIkK .',CULEZ(AP. oALoAC,AISCoATHI,ATH2oAEI oAB2,U_,V,
C

_..i I UDT_V__I/H,VL_,bRI,V_T_AKI. I.,/_IkI2oAK22,ACI LoAC22oFItF2oNGRIAtNSOLA,

I. C
2 NDO. I¢A ,KAFKoKAFCtNFILA,PVAA)

C THIS CO;')E Cfl._PUTE5 IfxSTANTANEOU5 FORCE VECTOR AND IT.S.
t C
!; C SF)AT-IAL. _RADIEN'(So IoEoo.T-I_ TANGENT STIFFNESS AND DAMPING

• C _iATRICES,
C
C
C q_ m m waem ml _ dnlm mmal m_

C dal a ib UOIm=_ndDI m _amom

C NCME NCL A TURF
C i m_mlm 4m m m m mmmm-

JC aml.-anllJ._mum,m m ,mnunuLm IJ,,,,__ _ anulll_ ..........

C
( INPUT
(_ mu mm _mm

(
C LJD.=NEMI_AL DA,'_PER ANNULUS DIAMETER(IN)
C
C L_L=NCMINAL DAMPER ANIkULUS LEI_GTH(IN)
C
C EC=;Ar4PER ANNULdS RADIAL CLE_&ANCE(IN)
(
( VISC=[JAMPER LUdRICAN_ VISCOSITY(REYNS)
C
C PVAP--F IL,_ ,_UFTURE PRESSURE(P£1A)
(
C THT( I )=r_t?L_IT IUN ANGLE Oe LUi_ICANT PORT-I(DEG)

C ThT(2}=n.)SIT LCN ANGLE DF LUBI_ICANT PORT--2(DEG)
C
C PC( I )=SPECII- LED _UUNDARY PRESSURE AT PORT--I (PSI A)
E
C pE(_)=S'_ECIFIED,. BOUNCARY PRL_.SURE AT PORT--2(PSIA)
C
C NGRID=N'JM',3ER UF" FINITE,-DIFFEI_ENCEC GRID POINTS PERtDAMPEN A_?C(ODD}
C e.
C NSCLN=I,LUNG--L_EAF_INC- ._OLUTICN USEg
C
C _,.',_H.FJRT--_EARING(PARA3L)LIC) SOLUTIC)N USED
¢
C =_FJU_IE'_-_SEF_IES 2"L) CCNVERG_NT SOLUTION USE'_
C
(L NI.:tH-_T-:N.,.I','IFEI,_ OF+ LUBRICANt "}L3_1S{0,| OR 2)
¢
( I'- N,_LJI_T=Ot Jt'3INE,r)"L'_dLJN_ _,r_Y (_[3P,DI-T-ICN 15 USE)
E
(. NfILIV_-N'ovI'J,q=< oF I, JL._I ICAL ANI',UL I FO_ THE OAMPFTR
C
C K_IFK=0, _T IFFNE_b MATN IX NUT CCM_LIT[ '.)

+ - ...... , , , (+.... =+ "+': III I III
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)._..

;T"

_' LIST I.Jl |L£.I..¥

[:, C

_/, C IDXD( 2 ),ALI':A( .c )
(_JMA4GN/WORK/FNGL)N| •K[_,KGUNT

'" C

i_; CCMMON/I NC/HM IN,VLL o_KLSI'.)EL_.T
_': C

" ')II_LNSI,IN A{ 1OII ,B( 101),C( IOI),E( 101 ),_rt(101) tP(I. O1),-ARGI(I01) ,

" C
I AkG2(IOI),D(IOI)

c
I' C _LLUCATE INPUT NAMES

C
-3D = AU
_JL -- AL
,JC = AC

:.- AlSO/r_/& l)= AThI
1 ml( Z)= ATP'2
._E(I ) = ABI-
:Jt_(2) = ,a£_2
I._V A,'_ = CVAA
× = U
Y = V
Xt?T = brJT
YC1 = VDT |

Xk: = I.,13 j
YI2 = VP. /4

XkT = UBT i
Y_r = Vgl 1qGRID = NGRIA
N._(-LN = NSOLA
I'wF't.']RT := NFL_R A
KCF )'_ = KAF_
K(]FC = K/_FC
NI- ILI_ --"NF IL A
,) 1 -- _=, 141 .*-:gk',tb_

C V_,<Il [':i('_,2500) X*Y )XL"._ 3) XOI ,YDT m X_31 ,YbT

2%00 ':'iRMA1 ( 7X.'X--RLJT(.]IR',SX, Iy.F_CTC) F<' ,SXo'X. SIATORI,4X..y..STAT(JI,,-o
.; _jX, ' FOTO_ X[;l 'o b

l 5X,'_LIT,Je_ yDlm,_x, 'STATOR XDT' ,:_X, 'STATON YDT',//, :
.' _X, 8 ( J..X-, D 1 3 ,t, ))

C
C _,_ IT F- (C, 1 c_9c. }

| (_" ' KLIFI."AI ( //////,_4X_ O_.EARI.N._._.i._LEer_NI INf:rJ:,_MAI_ICNO,//_4X_
C

I ' LD EL BC Vl SC '
(

•_ , ',_VA :} IHI TH2 PIJI PB2 NU '
C i

.* N5 Nl-_ NF PCI_ KC ' )

( _i, II) (_, IO)L,),3Loi'/,C,VISC,,}VAF.TrIT(I ) ,THT (2) _,pg{ I) •p_,('_)o
C 1 "_JP 1D , ;',4SL_L N, r,,all '-( l ,NF I LM ° KOFK, K'JFC

10 + rr,_,'AT (:,2t i ,4,415,,?I4) !
c t
C '_I.I L),'
C

,,,C k r,,z1 = I

....... ' ' " -'" :: ,;-,' "' L-:- - '"."._ ' .'_:'._-' ..................................... ,--, ...... ,--',,d
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]_'.ll

_il,

i

F: LI Sqr "U'F|LI'rY
i

K MTEST = NGRID + 1
_. NTEST = M_EST/2

K'EES "f : 2. NTEST

fi C IF(KTES¥ ,NE,MTEST ) NG R [ D=NGf_ I D"' 1
. C

FNEDMI = FLOAT(NGRID,,,1).
t THT(I) = THT( 1)$P!/180,

I IF(NF.ORT.LT,2) GO TO 20(:
"r AT.( 2 ) = THT{2|_P[/ LEC,,

C
IF(TPT(2),LT,THT(|) ) "THT(2)--'THT(2)+2e_Pl

(:
ALFA(1 ) = THT(2}'THT(1)
ALFA(2) = 2,_PImALFA(l)
DXD(1,) = 0,5t_D=ALFA(I)/FNG£MI
OXO(2) = 0 ,, 5_'OD_ALF A (2 }/F NG £M1

C
GC TO 4 0

C
20 DXD(1) = ED_Pl/FNGDNI

ALFA(I ) - 2=_Z .....................
C

4_0 CCNT |NUE
C
C WRITE.(6, IO)C)_D( 1 ),DXD(2)

AKXX = 0=0
AKXY = 0i0
AKYX = OeO
AKYY = 0=3
ACXX = 0,10
A(.XY = 0,*0
ACYX = 0e0
A(:_fY = 0.0
FX = 0oO
FY . -- 3,0

E
C ERAN(:H A(:CO_DING TC .COLU'flON OESIGNATEr}
C

bO CCKTINUE
CALL I NC F;N,T
GC TC (100tlC0Q30O), _J_..N

1Cl.O......CONT INU_
C
( SUAVE FOR 5ObEEZE FILM PRL'-,S3LRE 0IST_IBUTION
C

_')U 190 K_= I•NPOR'T:
P( ! )=P6(KS)
[F(h,B,EO, | J P(h4bRID )=P_(2|
IF(K_,EJ,2) P(NbRID)=PU( l}
J X.=DXD ( K_ )
CALL DF|L_
A (,_)= O o,,3
£_{2) = P(l )
[)C l |0 K=2,,NGRI_
C_]EF I - _i(K)i* _/D.X_*p
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LIST LgT IL I 'fY

_: AK'_ X= ( FY'F2 )/DCLS
GC TO 590

5/+0 AKXY=(FX-FI)/DFL5
AKYY--(FY"F2)/D}--LS

C WRITE (6,b57 J AKXX,AKXY,AKYY
O_.7.--•FORMAT (5X,0BEARING_ EIIFF,(SCUEEZ)-" =,3(SXoD13,.6|)

AK 11 =,=,--AK X X
I. AK22=--PKYV

. C WRITE (.o,057) AKIIIAKI21AK2_C wRITE (6,_58) Ft,,F2
bS._ FCI:;MAT (5X, IFORCES CN THE RC1CR: etJ/,_(2XlD13-_-5))

|F(KQFC*EC,0) RETURN

560 ACXX=(FX--F 1.)/DELST qAC_'X=( FY-F2 J/OELST
GO TO _-_0

5UO ACXY=(FX-F1 )/DELST
ACYY=( F Y.,,,=F2 )/DEL ST
GC TU 6OC

5_0 K_UNT=K_UI_['t" 1
GC TO 60

600 CCN.T INt. _.
ACII=-ACXX
A C 2.2 ="' AC _Y
RETURN

300 WRITE( t_, 700)
RETUgN

700 FORMAT(I_IJ/SX'FOURI__ 2,,,,D OPTION NOT READY FOR USE°//)

//77
//
//? '?

322 _ECO_:)_ ;}g'iNTEDo ENO OF LIST UTILITY
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1 LI_I IJTILI TY

i,; L
F" //NASA Jt')_ 04 I _O, I 7E_-3AEAM$* * ,MSGLEVEL=(2.,0) •
I; I_ J{.}]PALM TIME--9
i,._, /I _:X_C F_)_T

C
C F-.OUR D(]F RCTLDR/HEAF_IhG/STATOIR SYSTEM

_IMENSIUN XS(1002) ,YS_I(J02) ,XBS(1002),YdS(I002) ,XREL{ t002),
IYHEL( 1002 ) ,NPTS(2) , IlXC(2)
D IMEIx5 IGN XT(2002),¥I(2002}
DIMENS IClX L.-INTYP(2), INTEQ( 2 |
CALL I:LCTS
CALL PLOT (I.0,I.5,.-3)
IN=5
IC=O

_._ CCNTINUC
K,UN'T = O
READ ( I N , 10 )fJD, r_L _ "3C, V ISC t.Tht I t Tl't2 o Pi3.l IPB2 tF ,CPMI , P_'tI I-* PVAP

I0 i:C_MAI (SEl_=.7)
RE At](IIx', 15)NGRIDtNSCLN,NPORT ,NCYC,NDTPCtKOFK•KOFC ,NFILM

15 FORMAT(1615) q

p1=3,141 =..$2_54
w_ITE( ICJ,.20)

20 F-OI_/,4AT(IHI///) / .
WFR ITE(I_],2_) E'_DtBL,._IC,.VISC, ThltTH2tPBI. tPB2,E.tCFWI,,PhlI.ltPVAP

25 FG_MAT{ _XI2E I0.3///)
wRITE( IO,30)N-3,RID,,NECLIX,NPOF. 1,NCYC,NDTPC,KOFK,KOFC,NFIL_

30 FG_MAT(2X-10110)
NEAD ( lh, I0)RNAS_t'_,_AES_RFORCE *SKX,SKY
'READ(fiX, 10)X, _ tXDI ,,Y_I,X_,Y_,XBT,YBT,_X,WY.
,_FALl( IIX, 15) NP_ INT, KPLCT, LI NTF,NSK IP,KLUE
(_.MASS= NIM AS 5/3_(; *
SMAS5.= SMASS/_.8(:.
_hl-I =Phl l*PI/ ILia.
T AUI =b0,/CPMI
')T=1 AU I/FLC A I (NCTPC )
NT S--NC YC*NDI PC_" I
_3_ I=PI,CI:MI/30,
• F_ITEL(I'3,35)

iq FCf_MAT(I;_I//EX*NT* ,EX,' TIME* ,IlX,'X' ,IIX,'Y* ,1OX,oXd*',IOX_*Y_ * , !

I 10X,oI..X',IOX**_Y* ,_L.._)_, *SXt tl0X,'Sy*//) ]
)(] :_0 NT= I,NTS 1

I,,IMI =NT-- I I
T=DT*FLOAT(NT--I ) !

IF (NI ,.dE . NPr_ IN T )wN I.TE (-|O,_5)hTMI ,T-,_(,Y,,.XB_-Y_t XOI,._.DT, XBT ,YdT
IF(KFLr.]T.EC,0) GO TC 43
_4AA= (NT-..I)/NSKIP
_A{3=lxSk, ] P_VAA
,_IAC = N T" I
IF((NT.EC.I)._I;-_.i_Ab,EQ.,_IAC)) GO TO 40
,.;(O 10 43

,I.U KLNT=KL, NI+ I
XS ( KUN'T ) :X
Y S ( I,,L, NT') = Y
XP.S( KUh, T ) =Xi_
Y_( K_JI%T ) ---YL;

._ CCNTINU"
,J F{)_'._P'I{2 x, 15, '._!-_l2, _ ) ................................................................................

_°) '_ 7"| .

p;-, t'_--'_.,.' _- ;::, ,,.

, ,_" .. . . ,_,,:_ . ,..............
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I;

I L

i_; LIST uT ILITY

i I_ OMtT=OIvI*T:;L.. ,_R C.-_CM I T +PHI 1
SARG=SIN(ARG )
C _RG=CQS(ARC)

i..' CAL, L SCUEE Z( {5Cm (_LoBC,V ISC, TI_ l_,TH2 oP8 l tP82 oXo Yt XDTt YDT,XBoYB t
! XBI ,YBT,AK[ IQAKI2,AK22oACIL,AC22tFI tFZtNGRIDoNS0LN,NPO_ITgKOFKo

, 2 KOFC, hF: |LM, PVAP )
F_FX=RF CRCE =C/IRG+F I ,l,_tX

)i _F Y.=RFCRCE_SARG+F 2+WY
SFX=,,FI-,SKX_XB
SF _'=-,r 2,, _KY= YB
NXA=&FX/RMASS

i r_y A=RFY/_MAS5. SXA= 5F X/S_ASS
CYA= SF_K/SMASS !

} X E 1 = X{_'T _I-RX A _.L}T
Y C'1""-YO 1 h�YA=3T
XEI= Xbl+ _ XA= DT
Y E'(-=-Y.B T+ S Y A= OT
X=X+XDT_DT
Y=Y T
X E= X B't- XrST W,DT
Y E=YE_-.Y9 T_3T

53 .CENTI.WUE
I F { K FL C T • E G• 0 )......GJ_....T-O._4.O.(}..........................................
I _,TEG( I)=gG
[ _TEC ( 2):_ e
L IN_YP( 1 )=L! NT_}
L INTYP(2 ):LINTP
NPTS(I )=KUNT ....
NFIS {2 ) =KUN'T
INC(1)=I ....
INC( .:)--"1
JO BO K= I, KUNT
_T(K)=XS(_)
YT(K)=YS(K)
XI (..KL,N_+K)=X_S{ K )
YT(KUNT+r,I=Y_JS(K)
.._REL( K ) = XS(K)-,.XES(K)

._0 YREL(K )= YS(KJIYHS(K_)
CALL PLOT( t_,O,0,0o,'_ )
CALL G_APHI( XS,YS,XES_Y_S,XT oYltNPTSoINC_LINT._fP_|NTEQ_KUNT)
CALL PLC}T(12 ,0_0,(J_='_:)
_PST=KLN] r
I I_K= I
IIx'l:C:_g
CALL GR_P_2 ( X_EL t YREL tNPST | 1NK,L [ NTP t I NTQ, KUI_T oBC )

IOO CI.'NT II,,IU'.T.
IF(KLUF_,EJ,O I id TC L¢.0
,;0 TO

t.h') CALL _LGI(L0,0,Oo0,_¢_)
3 T C')_
L _J
•_L_KIJtJT ]hL_ ,J_.'kPHI( XStYS_X._Iz;,'V;_SIXT_YTtN_"I'SI. INC_LINI"Y_t.INTEQ_KUN T )
JI._LN3 |CN ._5(10J2) ,YS( 1002 ) _._._S( I 002) tYL_5( i 002) ,XREL,(1002),

| YIREL ( I 0O.,:),NPT5( 2 ) , IlxC( 7-)
.)IN_EN_IL]IX LINTY;_(, :) • ll'_'[r_a(_)
._)INL.IxS IC N .XT (20C2) , V1(2002)
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b

L: L1 t_l t,l LL I TY

_. ,x _:'.UN 1 ?: ._ ¢ _tJN'I

,, _2LNI | ---N?L;NI t !

_L hl ,i:: _tJN T f ;'
l:. _L, hl l--KUIXl'f 1

ii I. LALL L_i'AL_: (Xlq,'/.:.iot_2Ul_llolNC(l) )

•LAL.I... _CALI T (YT,?°btK2UNTtI-bI-C.-(1) )
',,,_ ( K LN I I )--Xl ( 1_2UNI" 1 )
YSilxUN I I )=Y1 (K2_N1 i )
,cS (KUNI2)-:-XT(K2UNT2)

I Y _; ( i.,i.Jh_I._) --YT ( K21JNT 2 )
|F (,_'..;{I.,UI_I2) ,GIZ,YS(KUNT2)) bC Til 10
XL_E( Kt_JN I ,_ ):Y S( KUNI 2 )

YU_(I',LJNT,? )-+YS(KUNT,2)
x S (i.,t.l,i]e_)=y.%( KuNTT. )
G "I l {J 29

lO Y Z (KUN l .?) = XS ( I._UKi;2 )
,_dS(F_UNI2 )=XS(KUNT2)
YLiS( r_U_l 2.)=X._(KUNT_')

20 XL"_(t',,UNT1 )-XS(tw, L.,NTI }
Yl!g( _,I,.RI 1 )-'Y S( _,b_l I )

._ I CCb, Tlhk.'

CJi|.,.. ,\._I': (0,0,0,O,'X-,[ilSI_LI ,--(_,,?,B,O,0,XSIKU_TI ) 0X.;(KUNT2) )
_.ALL A_"I'-_ (O,O,O,0, I'Y.-DISI-tL ',o,7,S,£)O,0,YS(NUI_TI) ,YS(KUNT2) )

'CALL i I'-¢!{ XC;,Y3,NPIS{ I), INC(I),LINTYF'(1) , INTEQ(I) )
CALL L I I',L ( XLI._, Yi3S,NFIS{ 2) , INC(2) ,LINTYP( 2 ), I NT!.:Q (2))
(]ALL C_Y'4 I;)L (0 _,__.,_Z_,?'_.;,0,14.,'I-IOTOR AND STAI'O_ I]R31Ti' ,0,-0123)
-:i T U t.,.'_
t: I_["
bbl:_'t,LJl INF _RAiiItL2 ( XRELo.YREL oNP_T,|NK,L|NTP,INT_,_,UNT_[3C)
.)IM{Ix'.. I_ .'_ XKKL(1002) ,YRi-L( 1002} _XC( (¢02),YC(4_02l
_, L, h ] I = _,tJf_T X�;,, I. Ix 1L' I,, tJlx 1 f j

)C ?_ ," ix= t ,40Q
• -'-:F, IcO •
'.(. (K)_'C_COb( ;:._
'IL LN..)-.,:L'_--,II'c(Z)

1(_' CCI_I 1kLi:/
CAI_L .,CALf ( xC,7,5,400, I )
_rt (qJi)-:xt;(,i01 )
YL(._0_ )=XC(,_O; _)
.;ALL AxI_-=i0,J,O,O,'k_.;L X,-')I_rL',-II,1,5,0,O,XC(_QI),XC(402))
tJ&i.L ._Xl_(O,O,t),011,_EL Y-_)IETLiill,7,o,;10,0,YC(.101i,'YC(40_))
,_ ALL l INi (\L _YC,<I00, 1 ,0,0)
xi.'_ L (_,t.f_l 1 ) --_C1401 )
_i,', l. (>.t. Nl 1 }= XC(4jI )
X',_ L {KLN1 ,- )=- XC( 40._ )
'r_,i i_ ( K t. _.1._" ) _ XC { ,'l J2 )
_ _l I l l_,t (Xt_LI ,Y;_-L,INPSI'ilN_,,LINI.P, liNT0)
.4LL ' 'Y',I:t,IL (O,L:i7,77,D,14,1f. LIT.1E t}l:,_|l RL_L4TIV] 1 } ;_lAlt]t_li010t

-_ • (I)

• h, '_



! XR.'Xs'YR'Ys

D,L,C,ij,pl,Po,Oo,Oi Bearing XR,)_s,YR,Xs
Damper "

Calling Mode from
One-Time Input Element F.E. Program

FX, Fy.

@Fi [@Fi_]

F-ig.| Input/Outputof Damper Pilot Code

• " _'_'__--.i "',.... .,,. .._, _ --.., ,-,.- . - :" •......... . .... , i'l I II I I11



IL |





O-RING SEALS

l tg. 4(a) Confiqur,ttion frequtmt.ly used in milit,try appli_:ations
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PISTON-RING
............ SEALS

Fig. 4(b) Configurationfrequelltlyused in coniilercialapplications

. . _.:_-. .,.. ".,.,., _ - . ................
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(b) e/c=0.20

Figure 6 ?ressu|'edistributionin circumferentialdirectionand time
of one cycle of circwlar orbit(long-bearingsolution).



(d) e/c=0.95

Figure 6 Pressure distribution n circumferentialdirection and time
(Cont'd) of one cycle of c_rcL_lar ,_rbit Clong-bearing solution).

• , . , , | • • , i i i I I



(a) e/c:O.05

Figure 7 Pressure distribut on in c_rcumferential direction and _ime
of one cycle of circular orbit isnort-bearin9 solution).

L CI __



/

(d) e/c=O,95

;igure 7 Pressure distribution i,_circumferenti_l clirection and i:ime J

(Cor,t'd) of one cycle of circL,lar orbit (si_ort-bearing solution). I
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" ROTO R(MI)

PL=55 Psi
Ky

ORIGINAL PAGE 18
OF POOR QUAI,ITY

Fiqu[e 8 Simple 2-mass,4-degree of freedom. _est case
(Same damper parameters as on page 23)
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I

(b) Rotor orbit relative to stator
(clearance circle shown)

Fig.9 Nonlinear dynamic transient of simple 4 DOE system(See Fig.B)
IFt=lO0 Ibs',_:150 rad/sec,r.11=M2:500 Ibs,Kx=Ky=116000 Ibs/in.



clearance circle
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(b) Rotor orbit relative to stator
(clearance circle shown)

Fig.lO Nonlinear dynamic transient of simple 4 DOE system(See. Fig.8)
IFL=200 ibs,_=150 rad/sec,r,11=M2=500 lbs,Kx=Ky--116000 l_bs/in.
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] / " _ i"

.4" "

(a) Rotor and stator orbits

clearance circle

\

\
P.y'-'x I

k ],/ ,,\

._ " _- (_,/s)
I

(b) Rotor orbit relativ.e to stator -
(clearance circle shown)

i

Fig.ll Nonlinear dynamic transient of simple 4 DOE system(See. Fig.8) 1
IFI=300 Ibs',_'=150 rad/sec,M1=_12=500 lbs,Kx=Ky=116000 Ibs/in.
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t , ///,""" i/ ,'

(a) Rotor and stator orbits .!

clearance circle

B

\

I

\

4" !
-_a _ -._ ' ,_ "---'- _

(b) Rotor orbit relative to stator 1(clearance circle shown) ,

Fig. 12 Nonlinear dynamic transient of simple 4 DOE system(See. Fig.8)
IFI=500 Ibs',_':150 rad/sec,Hl=H2=500 lbs,Kx=Ky=116000 Ibs/in.
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-T " -_ # #;......

(a) Rotor and statQr orbits

cle_rance circle

\i
• !

(b) Rotor orbit relative to stator
(clearance circle shown)

Fig.13 Nonlinear dynamic tran_ient of simple 4 DOE system(See.Fig.8)
F l=lO00 Ibs',_u=150 rad/sec,I,11=N2=500 Ibs,Kx=Ky =116000 Ibs/in.
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it:

b,

i:

!DATATRANSFERLINK
I.) COMMONBLOCKS
2) DISC II0

....
.INFORMATION.

COREOF BEARINGIMPLANTPROGRAM
1) IlO
2) DATASTORAGE
3) ELENENTLIBRARY
4) STIFFNESSGENERATION
5) UPDATES
6) RIGHTHANDSIDE LOADSETC.

FIG. 1,$ (OVERALLARCH'TFCTUREOF BEARINGIMPLENTCODE)
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